Accelerator Mass Spectrometry (AMS) is the most sensitive method for quantitation of 14 C in biological samples. This technology has been used in a variety of low dose, human health related studies over the last 20 years when very high sensitivity was needed. AMS helped pioneer these scientific methods, but its expensive facilities and requirements for highly trained technical staff have limited their proliferation. Quantification of 14 C by cavity ring-down spectroscopy (CRDS) offers an approach that eliminates many of the shortcomings of an accelerator-based system and would supplement the use of AMS in biomedical research. Our initial prototype, using a non-ideal wavelength laser and under suboptimal experimental conditions, has a 3.5-modern, 1-σ precision for detection of milligram-sized, carbon-14-elevated samples. These results demonstrate proof of principle and provided a starting point for the development of a spectrometer capable of biologically relevant sensitivities.
Introduction
Upon the adoption of Accelerator Mass Spectrometry (AMS) to the measurement of carbon-14, scientists realized the possible implications to biomedical aplications [1] . Since this time, AMS has facilitated biomedical studies where sensitive detection of carbon-14 is required. Many experiments, utilizing carbon-14 microdoses and microtracers, would not have been possible without AMS. However, AMS's complexity, cost, and limited throughput have become a bottle neck for biomedical studies. Together with other scientific applications of carbon-14, biomedical research has driven interest in the development of a laser based method to quantify concentrations of carbon-14. Starting with a paper by Labrie and Reid in 1981, several groups have explored the possibility of measuring carbon-14 with laser spectroscopy [2, 3, 4, 5] . Of particular interest is the work by Galli et. al., which demonstrated a detection limit of .043 fraction modern [6] . This experimental setup leveraged a state-of-the-art laser system utilizing an optical frequency comb and a saturatedabsorption cavity ring-down spectroscopy (SCAR) technique. While the milestone study by Galli et al demonstrates the efficacy of laser based carbon-14 measurements, the complexity of the laser system used prohibits its ease of distribution to biomedical labs.
Our goal is to develop an instrument that balances complexity and sensitivity to enable biomedical studies. Using simple, robust hardware the laser-based instrument would not replace but would supplement AMS in biomedical studies. Here we present the preliminary results of our initial cavity ring-down spectroscopy (CRDS) system. These initial experiments were conducted at non-ideal wavelengths and temperatures, and carbon-14 sensitivities necessary for biomedical work were not expected. However, this initial prototype elucidated many of the design hurdles needed for developing a biomedical CRDS carbon-14 spectrometer.
Method
This initial prototype used a quantum-cascade laser (QCL) to measure at the non-ideal P(40) transition wavelength of the 14 C 16 O 2 antisymetric stretch rovibrational band. The instrument consists of a heavily modified Picarro CRDS. These instruments utilize a tunable QCL laser (Hamamatsu), an etalon based wavelength monitor, a traveling-wave optical cavity, and an HgCdTe photodetector (Vigo). Modification were made to enable low-temperature experimental conditions. However, all measurements reported here were made near room temperature. Further details can be found in "Development of a low-temperature cavity ringdown spectrometer for the detection of carbon-14" McCartt et al. [7] .
Glucose mixtures with 1-, 50-, and 100-modern levels of carbon-14 were prepared by diluting carbon-14 elevated glucose in contemporary glucose. These samples were later measured with AMS to determine the exact carbon-14 concentration, however for simplicity, they will be referred to as 1-, 50-, and 100-modern samples for the remainder of the paper. CRDS measurements of the combusted sugar samples were made for several breakpoint vials for each carbon-14 concentration. Breakpoint vials typically contained 5 mg of carbon, however only approximately .5 mg is necessary to make a measurement.
All tests gases measured with the CRDS system were cryogenically purified before measurement. The test gases first flow through an annular piping component which is partially submerged in a dry ice and isopropyl alcohol cooling bath. This cryogenic element freezes out any remaining H 2 O from the test samples [8] . The second cryogenic element is a liquid nitrogen cold finger. The carbon dioxide is frozen onto the cold finger, and the remaining gaseous components, such as carbon monoxide and nitrogen, are evacuated to vacuum. Unfortunately some species have phase transitions similar to carbon dioxide. These species cannot be filtered out cryogenically and must be accounted for spectroscopically.
The cavity temperature was maintained at 300K, and a measurement pressure of 10 torr was selected based on HITRAN simulations of the spectroscopic region [9] .
The details of the data acquisition routine are covered in "Model-based, closed-loop control of PZT creep for cavity ring-down spectroscopy" McCartt et al. [10] . The surrounding spectra is composed primarily of carbon dioxide isotopologues and some other interfering species. The inset shows the P(40) 14 CO 2 line location and the total loss for both the 1-and 100-modern samples. The 1-and 100-modern data represents the average of 30-minute of measurements from a single break-point-vial. The error from both measurements amounts to a 5% error on the 1-to 100-modern sample peak signal (error bars were smaller than the data points in the inset of Figure 1 ). Subtracting the 1-modern spectra loss from elevated samples provides a simple analysis method but cannot account for variations in the sample carbon matrix, interfering species concentrations, or measurement wavelength. Using a spectroscopic model to quantify the 14 C 16 O 2 concentration can account for these variations.
Results

14 CO 2 P(40) Spectroscopic Fit and Comparison to AMS
Data was quantified using a spectroscopic model developed from HITRAN and measurements of surrounding interfering spectra. While beyond the scope of this short form paper, extensive characterization of the surrounding interfering species spectra was conducted. A more detailed description can be found in the first authors thesis [7] . The shaded regions represent the portion of the total loss that the fitter attributed to the given species. Non-14 C 16 O 2 species concentrations were determined from fits of surrounding spectra. Error bars represent the 1-σ confidence from all ring-down events at each measurement wavelength, which should not be confused with the total sample error. Figure 3 shows the distribution of measured fraction modern for all sugar-sample measurements. Calculation of the fraction modern values employed a linestrength of S 300K = 6:27(30) × 10 −18 [cm −1 /cm −2 molec] from the literature and the isotopic ratio Modern≡1.18 × 10 −12 [ 14 C/C] [6] . Figure 4 plots the carbon-14 CRDS measurements versus the AMS measurements. Error bars represent the 1-σ confidence interval for total sample error of the indicated carbon-14 concentration. AMS error is less than the datapoint size.
Discussion and Conclusion
This preliminary data represents the starting point for the development of a carbon-14 CRDS analyzer. While promising, there are a multitude of issues that must be dealt with before such an analyzer can be realized. The spectroscopic fitter clearly underpredicts the carbon-14 levels in the sugar samples (see Figure 4 ). The complexity of the model and measured spectra make it difficult to identify the cause of the error. However, the CRDS results have a linear response to concentration, and the inaccuracies of scale could be explained by something as simple as an error in the estimated linestrength. However, the 35% error is well above the stated confidence of HITRAN and estimated 14 C 16 O 2 linestrengths, and the inaccuracies are most likely the result of a combination of contributing factors [6, 9] .
The negative fraction modern values for the 1-modern samples are an artifact of the spectroscopic fitter. The error bars in Figure 2 Panel A clearly indicate that the spectral fit cannot accurately quantify 1-modern carbon-14 samples. For most fits, the curvature of the measured spectra is slightly more concave than the spectroscopic model at the 14 CO 2 P(40) line location. This error in curvature of the background spectrum drives the fitter towards a non-physical, negative strength for the P(40) line. This spurious result is most likely partially responsible for the underpredicted CRDS carbon-14 concentrations.
The spectroscopic fit employs a baseline offset to account for wavelength-independent discrepancies in loss between the model and measured spectra. Strong absorption bands present in this region of the mid-IR but not included in the spectroscopic model are the primary source of this loss discrepancy. The far wings from numerous transitions of these strong bands cause the loss offset despite some being many wave numbers away. Furthermore, the Voigt model's approximation of the the physical lineshapes may be contributing to the loss offset. Beyond the observed errors in curvature discussed above, the Voigt model is inaccurate outside of the core of the lineshape, and the modeled contribution from relatively distant lines included in the simulation may be inaccurate [11] . Finally, deviations in the cavity baseline or contributions from molecular scattering not included in the cavity baseline model may be causing some of the offset. Fitting a region four times the FWHM around the P(40) linecenter allows the model to account for these discrepancies while still fitting the 14 CO 2 line, but an over-predicted baseline offset may contribute to the underpredicted carbon-14 concentrations.
Additionally, these spectral lines may be saturated. For these low pressure measurement conditions, the optical power in the cavity may depopulate the lower states of the spectroscopic transitions. Measurements across a range of pressures are necessary to check for this phenomenon.
Analysis of the room-temperature 14 CO 2 P(40) measurements with the spectroscopic fitter demonstrates the utility of the method. The fitter was able to improve measurement precision to 3.5-modern (1-σ) from the predicted Allan deviation value of 5-modern. The issues covered above indicate that the model does not perfectly represent the dense and complex measured spectra. Use of a more complex peak model, such as a Galatry or speeddependent Voigt profile, might more accurately represent the spectra [12, 13] . However, to correctly determine the parameters of these profiles, an independent measurement of wavelength and a multi-spectrum fit would most likely be necessary [13] . Because this prototype did not utilize the ideal wavelength or experimental conditions for a carbon-14 measurement, further improvements to the spectroscopic model and fit were not pursued.
The experiments described herein have provided valuable information that will be utilized in the next design phase. A beta prototype is being built with a design that includes a new cavity and laser. The new QCL laser is capable of accessing the 14 CO 2 P(20) line location. The P(20) line is 5 times stronger than P(40), located in a less dense spectroscopic region, and better suited for a low temperature measurement. This beta prototype will determine the ultimate sensitivity of this basic hardware setup. With the new cavity, laser, and a faster ringdown rate, the system should be capable of biomedical studies.
Eventually, relatively simple-hardware CRDS systems will be able to measure carbon-14 without low-temperature, test-gas conditions. As the mid-IR mirrors improve, the necessary sensitivity may be achieved. Improvements to QCLs or other laser sources might enable the implementation of more complex spectroscopic techniques, such as SCAR spectroscopy. Efforts have already begun to further decrease the linewidth of QCL lasers, which will allow for more complex spectroscopic techniques [14] . Until these yet unknown technological improvements come to fruition, these prototypes provide an an essential test bed for spectroscopic characterization and instrument development. Overview of carbon-14 measurement spectra. Inset shows loss from P(40) 14 Spectroscopic model fits of the 14 CO 2 P(40) line. Individual 1-, 50-and 100-modern fits are shown from top to bottom in Panels A, B, and C respectively. Error bars represent the 1-σ confidence from the ring-down events at each measurement wavelength. Shaded regions represent the species contribution to total loss at a given wavenumber. Comparison of CRDS and AMS carbon-14 measurements. Error bars represent the 1-σ confidence interval for all measurements of the indicated carbon-14 concentration. AMS error is less than the datapoint size. 
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